In this investigation surface force, X-ray photoelectron spectroscopy and ellipsometry techniques have been used to study the adsorption of a low-charge-density cationic polyelectrolyte on negatively charged surfaces. It is shown that the low cationicity of this polyelectrolyte induces an adsorption behavior which is limited by steric factors rather than by the substrate surface charge or potential. It is also established that an increase in ionic strength of the solution results in desorption of the polyelectrolyte accompanied by an increase in layer thickness. This phenomenon is typical of a screening-reduced adsorption regime where electrostatic interactions predominate in the adsorption process. An increase in layer thickness most often occurs as a result of an increased adsorbed amount. Here, however, the increase in layer thickness occurs despite a reduction in the adsorbed amount. This can be understood as resulting from a reduced polyelectrolyte-surface affinity and a swelling of the adsorbed layer. Finally, it is demonstrated that the employed techniques complement each other and reveal new information on the interaction forces and conformation of polyelectrolytes at the solid-liquid interface.
INTRODUCTION
Polyelectrolyte behavior at the solid-liquid interface plays an important role in many industrial processes, such as water treatment, papermaking, mineral extraction, and oil field exploitation, as well as in several key biological areas. Despite the fact that this topic has been the subject of numerous theoretical and experimental studies the accumulated knowledge is still rather precursory.
The first model for polyelectrolyte adsorption at the solidliquid interface was developed from theories of uncharged polymer adsorption (1, 2) . Models based on lattice theories (e.g., Refs. (3) (4) (5) ) or Monte Carlo simulations (e.g., Refs. (6 -8) ) have also been used to (qualitatively) describe the adsorption of polyelectrolytes. Recently, numerical calculations based on the self-consistent field theory by Böhmer et al. (9) have been put forward (10, 11) . Using such approaches, the effects of the governing parameters, i.e., solid surface and polymer charge, adsorption energy, and ionic strength, have been explored. Developments gained on the theoretical side have outpaced the experimental ones, and more data are necessary to test the theoretical predictions of polyelectrolyte behavior at solid-liquid interfaces.
Adsorption is strongly favored when the polyelectrolytes and the solid surfaces carry opposite charges. In such systems, small amounts of adsorbed polyelectrolyte, below or close to that needed to obtain charge neutralization, become effective coagulants due to a reduction of the surface charge and the double-layer force between the surfaces as well as due to the development of attractive bridging forces (12) . The addition of polyelectrolytes may also increase particle stability if the conditions are such that long-range repulsive steric forces are generated. This is favored by a high adsorbed amount and an extended polyelectrolyte layer (13) . The adsorption of polyelectrolytes onto oppositely charged particles (at low ionic strength) can be modified by varying polyelectrolyte ionicity which modifies the polymer-surface and polymer-polymer interactions, however another way to modulate these interactions in charged systems is to change the ionic strength of the medium by adding an inert electrolyte (14) .
A complete description of macromolecular configurations, particularly at interfaces, remains very difficult to resolve experimentally. Much information is provided by measurements using small-angle neutron reflectivity, calorimetry, NMR, electron spin resonance, etc. Ellipsometry, reflectometry, quasielastic light scattering (QELS), hydrodynamic, and electrokinetic techniques are among the methods that allow determination of some mean thickness of adsorbed polymer layers. Disjoining pressure methods can provide valuable information, not only of the so-called steric thickness (␦ s ) (15) , but most importantly the forces acting between the surfaces as a function of their separation can be measured by, for example, 1 To whom correspondence should be addressed. the surface force apparatus (SFA). This last issue is of major significance in polyelectrolyte systems where charge effects play a key role.
The effect of ionic strength on polyelectrolyte adsorption behavior using surface force techniques has been reported in a few studies. The first one by Luckham and Klein (16) dealt with the surface forces between mica surfaces in polylysine solutions at different salt concentrations. Later Marra and Hair (17) reported on the effect of the ionic strength on the adsorption behavior of poly (2-vinylpyridine) . More recently Claesson and collaborators (18 -28) have performed various SFA studies using cationic copolymers of acrylamide and monomers with quaternary ammonium functionality. In the case of ellipsometry, a study relevant to the present investigation is that of Shubin and Linse (29) who explored the adsorption of cationic polyacrylamide on silica from aqueous LiCl, KCl, and CsCl solutions and compared their results with calculations within the framework of a self-consistent field theory.
It is interesting to note that the effect of the ionic strength or the dilution of the system on the polyelectrolyte conformation and adsorption behavior is characterized as "dramatic" (or with equivalent adjectives) (14, 17, 30) . It has also been recognized that as soon as a copolymer has a minimum number of cationic units to be adsorbed it may be effective in many applications, for example, as a flocculant (31) with an additional benefit of lowering cost compared with that for higher charged counterparts. It is thus desirable to explore how important the ionic strength is in the balance of forces for low-charge-density polyelectrolyte systems.
It is often found that the adsorption of polyelectrolytes onto surfaces of opposite charge increases with the ionic strength of the medium, which can be explained by a nonelectrostatic attraction between the surface and the polymer segments. The opposite trend has only been accounted for in a few studies (for example, see Refs. (14, 29, (31) (32) (33) (34) (35) (36) (37) ). Furthermore, information on the interaction forces in this latter case is absent despite its relevance in related phenomena.
In this study we address the adsorption behavior of a low-charge-density polyelectrolyte on oppositely charged surfaces, particularly the effect of the ionic strength on preadsorbed layers of polyelectrolyte on mica and silica. The extent of polyelectrolyte adsorption was studied by X-ray photoelectron spectroscopy (XPS), the adsorbed layer thickness was monitored by ellipsometry and the interaction forces between adsorbed layers were measured by the surface force apparatus (SFA).
EXPERIMENTAL

Materials
The polyelectrolyte used in this investigation was a random copolymer of uncharged acrylamide (AM) and positively charged [3-(2-methylpropionamido)propyl]trimethylammonium chloride (MAPTAC) (see Fig. 1 ). It was synthesized by radical copolymerization and kindly provided by the Laboratoire de PhysicoChimie Macromoleculaire (Paris). The reported cationicity or charge density (percent molar ratio of cationic monomers, ) was 0.98%, and the molecular weight (from intrinsic viscosity measurements) was ca. 900,000 g/mol (corresponding to a degree of polymerization of 12,200). For simplicity, the polyelectrolyte will be referred to as "AM-MAPTAC-1" where the suffix "1" denotes the percent charge density of the copolymer.
Muscovite mica from Reliance (NY) and S&J Trading (NY) was used as the substrate in X-ray photoelectron spectroscopy and surface force measurements. Potassium bromide (pro-analysis grade) from Merck was roasted for 24 h at 500°C before use to remove organic contaminants. Sodium chloride (Suprapure grade) from Merck was used as received. Water used in all the experiments was first purified by a reverse osmosis unit (Milli-RO 10 Plus), which includes depth filtration, carbon adsorption, and decalcination. A Milli-Q Plus 185 unit was then used to treat the water with UV light and with a Q-PAK unit consisting of an activated carbon column, a mixed-bed ion exchanger, and an Organex cartridge with a final 0.22-m Millipack 40 filter.
Methods
X-ray Photoelectron Spectroscopy (XPS)
The amount of polyelectrolyte adsorbed on planar mica surfaces was determined by a direct method using an X-ray photoelectron spectrometer (Kratos Analytical, AXIS-HS) which consists of a monochromatic A1K␣ X-ray (1486.6 eV) source with a hemispherical analyzer (see Refs. (38, 39) for details on technique). Weak signals were subjected to multiple scans to improve the signal-to-noise ratio. In all cases, survey scans for peak identification and detail scans for C 1s, O 1s, K 2p, Si 2p, and N 1s were obtained. In typical experiments with XPS aqueous solutions of the polyelectrolyte at different concentrations (5-500 g/mL) were prepared by dilution of a 2.02 ϫ 10 3 g/mL polyelectrolyte stock solution (with 0.1 mM KBr background electrolyte). After cleaving, mica (5 ϫ 2 cm) was immersed in the respective polyelectrolyte solutions contained in TEFZEL test tubes for an equilibration time of 18 -24 h. At the end of this period the mica substrate was removed, and the excess of solution was eliminated by a nitrogen jet. In additional studies on the effect of ionic strength on the adsorption behavior a procedure similar to the one outlined above was initially used followed by a second stage where the mica sheets were immersed for 18 -24 h in NaCl solutions at different concentrations. In all cases the respective mica was quickly withdrawn from the incubating solution after immersing the TEFZEL test tube in a large vessel filled with pure water. In this way the risk of Langmuir-Blodgett deposition at the three-phase line, which perhaps could have occurred if the mica surface were directly removed from the polyelectrolyte solution, is reduced. Prior to use, all glassware was left overnight in chromosulfuric acid followed by extensive rinsing with pure water. The TEFZEL test tubes used in the adsorption/desorption experiments were cleaned with sodium n-dodecyl sulfate micellar solution followed by repeated ethanol and water washings.
The amount of polyelectrolyte adsorbed on mica was computed from the intensities of the N 1s and K 2p photoelectron signals (40 -42) . In this method the number of exchangeable potassium (90 -95%) and sodium (5-10%) ions located on the mica basal plane is used as an internal standard. This number corresponds to the negative aluminosilicate lattice charge on mica which amounts to 2.1 ϫ 10 18 charges per m 2 (43) . The calculation is facilitated by the fact that potassium and sodium ions on the mica surface are completely exchanged for protons upon immersion into aqueous solution. Ions situated in the mica crystal are not exchanged as mica does not swell in water. In the quantification procedure it was assumed that the polyelectrolyte is uniformly adsorbed on the mica basal plane and that the nitrogen atoms of the polyelectrolyte are evenly distributed throughout the adsorbed layer.
Surface Force Measurements
The forces acting between two surfaces in air or immersed in aqueous solutions were directly measured with the interferometric Mark IV SFA (44, 45) . In this instrument the distance resolution is about 0.2 nm, and the force sensitivity is about 10 Ϫ7 N. In a typical experiment two molecularly smooth surfaces of freshly cleaved mica (of uniform 1-3-m thickness) are glued with an epoxy resin (Epon 1004, Shell Chemical) onto optically polished half-cylindrical silica discs. The surface forces are measured with a double cantilever leaf spring. The separation (D) between the two surfaces (in the range of microns down to molecular contact) is measured by multiple beam interferometry (46) . The distance between the two surfaces is controlled by using positioning rods of mm (coarse driver) or nm (fine driver) sensitivity whereas positioning to 0.1 nm uses a piezoelectric crystal tube which expands or contracts vertically by about 1 nm per volt applied axially across its cylindrical wall. The interaction force is obtained by expanding or contracting the piezoelectric crystal by a known amount and then measuring optically how much the two surfaces have actually moved; any difference in the two values is accounted for by the force difference between the initial and final positions according to Hooke's law. The force F c between crossed cylinders normalized by the local geometric mean radius R is related to the free energy of interaction per unit area between flat surfaces (G f ) via the Derjaguin approximation (47):
This equality is subject to the condition that the radius R is much larger than the distance range over which the interactions are measured. Since the typical radius of curvature was around 2 cm and the interactions always had a distance range below 150 nm, this condition is amply satisfied. The Derjaguin approximation, however, is not valid for the highest forces reported here due to some surface deformation. At the beginning of each experiment, the freshly prepared mica surfaces were brought into contact in an atmosphere of dry air guaranteed by placing a clean beaker with P 2 O 5 in the sealed apparatus. Observation of good adhesive contact ensures that the surfaces were free from debris or contamination. After separating the surfaces, the desiccant was taken out, and the apparatus was filled with water (deaerated for at least 1 h) and left to equilibrate for at least 1 h. For experiments with KBr as background electrolyte, a 10 mM KBr solution was injected with a syringe through a 0.2-m PTFE filter to give a final 0.1 mM KBr concentration in the chamber. In any case the presence of a double-layer force and a finite adhesion were used to check for the continuing absence of surface contamination on the bare mica surfaces.
In the adsorption experiments a small volume of concentrated polyelectrolyte (in pure water or KBr aqueous solution, depending on the experiment) was injected into the SFA apparatus through a 0.45-m PTFE filter with a syringe and mixed thoroughly to obtain the desired final concentration. Whenever the polyelectrolyte was added, the surfaces were held widely separated (ca. 1-2 mm) to allow the polymer to freely diffuse into the gap and adsorb onto the mica surfaces. Adsorption equilibrium was presumed to be established after allowing the adsorption to proceed overnight. In some experiments after equilibrium adsorption, the bulk polyelectrolyte solution was replaced with pure water (with repeating draining and refilling for 4 -5 times) and eventually NaCl aqueous solutions were injected at different concentrations to study the effect of ionic strength on the preadsorbed polyelectrolyte layer. All measurements were carried out at 22 Ϯ 1°C.
Ellipsometry
The experimental setup and methodology employed, namely, multiple-media in-situ ellipsometry, are thoroughly explained in Refs. (48, 49) . In brief, the measurements were performed with an automated thin-film ellipsometer (Rudolph, Model 436) controlled by a personal computer and using a xenon arc lamp filtered to allow 401.5 nm as the light source.
The adsorbed amount of the interfacial film was calculated according to de Feijter (50) by using one-zone null ellipsometry, assuming a refractive index increment (dn/dc) of 0.15 for the studied polyelectrolyte. Four-zone null ellipsometry was used to determine the mean refractive index (n f ) and average thickness (␦ ell ) of the adsorbed layer so as to reduce effects related to optical component imperfections. From the ellipsometric angles (⌿ and ⌬), n f and ␦ ell were calculated numerically according to an optical four-layer model (bulk silicon, silica, adsorbed film, and surrounding medium) which assumes planar interfaces and isotropic media.
The substrate was prepared from polished silicon wafers (p-type, boron-doped, Okmetic, Finland) which were oxidized thermally in pure oxygen at 920°C for 1 h, followed by annealing and cooling in flowing argon, which resulted in a 30-nm thick oxide layer. The oxidized wafers were cut into slides and cleaned in a mixture of 25% NH 4 OH, 30% H 2 O 2 , and H 2 O (1:1:5, by volume) at 80°C for 5 min, followed by cleaning in a mixture of 32% HCl, 30% H 2 O 2 , and H 2 O (1:1:5, by volume) at 80°C for 5 min. The slides were then rinsed twice with pure water and ethanol and kept in absolute ethanol until used. Prior to any experiment the slides were blown dry in a stream of nitrogen and plasma-cleaned for 2 min under vacuum using a radiofrequency glow discharge apparatus (Harrick, PDC 2XG).
In a typical adsorption experiment a slide was placed inside a trapezoidal quartz cuvette (Hellma). After measurements in air and KBr aqueous solution, the polyelectrolyte was injected, and ⌿ and ⌬ were continuously monitored while a homogeneous agitation in the medium was ensured by a small magnetic stirrer rotating at about 300 rpm. A peristaltic pump was used to inject and/or withdraw the respective solutions.
RESULTS
Adsorption Isotherms
XPS and ellipsometry experiments were performed in order to study the adsorption of AM-MAPTAC-1 on mica and silica, respectively. Mica surfaces constitute a nearly ideal substrate for XPS analysis because upon cleavage along the basal plane a molecularly smooth surface is obtained, thereby eliminating problems related to surface roughness. Furthermore, the known number of exchangeable ions on the mica plane facilitates the calculation of the absolute amount of adsorbed polyelectrolyte by XPS. This cannot be extended to silica without the use of calibration curves which would introduce errors. The use of ellipsometry for the determination of the adsorbed amount (average layer thickness and refractive index) on mica, on the other hand, is not easily feasible due to the birefringence and optical properties inherent to this mineral substrate. Figure 2 shows the adsorption isotherm for the studied polyelectrolyte on mica in aqueous 0.1 mM KBr solution as determined by XPS. It is apparent that in this case the adsorption isotherm is of the high affinity type, and therefore saturation is reached at very low bulk polyelectrolyte concentration (ca. 50 ppm). The corresponding adsorption plateau value (⌫ max ) is observed to be about 2.5 mg/m 2 . The dynamics of the polyelectrolyte adsorption at the negatively charged silica surface were explored by one-zone null ellipsometry as shown in Fig. 3 where it is observed that about 80% of the total amount is adsorbed during the first 5 min. The initial adsorption process takes place very quickly; however, for complete adsorption of polyelectrolyte, very long times are probably needed due to slow conformational rearrangements and exchange of species of different molecular weight and effective charge density. It can also be observed that the equilibrium adsorbed amount on silica (2.5-2.7 mg/m 2 ) is very similar to that on mica surfaces determined by XPS.
The mean refractive index for the adsorbed polyelectrolyte layer on silica in aqueous 0.1 mM KBr solution was 1.375 which indicates that the polyelectrolyte concentration in the adsorbed layer is very small (mostly solvent). In addition, the ellipsometric thickness (␦ ell ) for the adsorbed polyelectrolyte was found to be 10 nm, which is in agreement with the ellipsometric thickness reported for adsorbed layers of a cationic polyacrylamide ( ϭ 3.4%) on silica from various aqueous electrolyte solutions (LiCl, KCl, and CsCl) at the same ionic strength (0.1 mM) (29) .
Values for the hydrodynamic thickness (as determined by QELS) on the order of 75 nm have been reported for a similar polyelectrolyte with ϭ 5% (15) . There are two reasons for this difference. First, the beads used in the QELS measurements had a hydrodynamic radius of only 60 nm, i.e., they were of a similar size as the polymer and thus curvature effects are important. Second, ␦ ell is related to the first moment of the density distribution normal to the surface, and it is known to be mostly sensitive to the loop fraction of the adsorbed polymer (15) , whereas the hydrodynamic thickness is mostly sensitive to tail fraction of the adsorbed layer.
Since the neutral monomer does not adsorb on silica, it is expected that for ϭ 1% an important fraction of the polyelectrolyte develops large loops and tails. This situation is confirmed for AM-MAPTAC-1 adsorption on mica by surface force measurements as shown in the next section.
Surface Forces in Low Ionic Strength Solutions
Surface force experiments were performed in order to further reveal the interactions and possible conformations of the adsorbed polyelectrolyte. As a check, the interaction forces acting between two mica surfaces immersed in aqueous 0.1 mM KBr solution were verified to be dominated by repulsive electrostatic double-layer forces at large distances and by attractive van der Waals forces at short separations. The exponentially decaying force curve at large distances with a Debye length of ca. 30 nm was in agreement with the theoretical/ experimental expectations. Furthermore, the contact position between the surfaces in the electrolyte solution defined the zero separation.
After introduction of AM-MAPTAC-1 into aqueous 0.1 mM KBr solution, nonelectrostatic force-distance profiles were obtained (see Fig. 4 ). The force curves for 50 g/mL polyelectrolyte bulk concentration show a somewhat higher repulsive force and a larger compressed layer thickness (separation distance at maximum load) compared with the force curve obtained in the 10 g/mL solution, thereby indicating additional adsorption as the polyelectrolyte concentration is increased. This observation is consistent with the XPS results which indicated a small increase in the equilibrium adsorbed amount from ca. 2.3 mg/m 2 (at 10 g/mL) to ca. 2.5 mg/m 2 (at 50 g/mL). Force-distance profiles for even higher concentrations (100 and 200 g/mL) did not show appreciable differences with respect to that for the 50 g/mL polyelectrolyte concentration, which implies that the adsorption plateau value has been reached around the latter concentration in agreement with the XPS results presented earlier in Fig. 2 .
It should be pointed out that perturbations induced by force measurements are fully relaxed between consecutive runs (approach-separation) since resulting force curves were, within the experimental uncertainty, the same. Hence, since it is unlikely that the adsorbed amount has time to change during the measurement the situation is that of restricted equilibrium. As such, no hysteresis was observed in the force profiles, i.e., forces during compression (approach) were essentially the same as those measured on separation (for example, see the force curves for 50 g/mL polyelectrolyte solution). Good agreement was observed for force measurements at different positions or for separate runs.
From the force curves the steric layer thickness (␦ s ) is about 50 nm per adsorbed layer, and the compressed layer thickness is about 5-7.5 nm per adsorbed layer. No attraction or adhesion was observed.
Adsorption from Electrolyte-Free Solution and Dilution Effects on Interaction Forces
The adsorption of AM-MAPTAC-1 on mica in electrolytefree solution was also studied by the SFA technique. In this   FIG. 4 . Normalized force-distance profiles between two mica surfaces immersed in aqueous 0.1 mM KBr solution after equilibrium adsorption of AM-MAPTAC-1. Two polyelectrolyte concentrations are shown: 10 g/mL (‚) and 50 g/mL (F and E, on approach and separation, respectively). The solid line represents a fit using Alexander-de Gennes (50, 51) theory for polymer chains anchored to a surface with average distance between attachment points and layer thickness of 24 and 52 nm, respectively.
case the force-distance profiles are more scattered. As before, the force curves are monotonically repulsive, but on the second and subsequent approaches the forces are less repulsive than that on the first approach. The force profiles measured at different positions are in good agreement.
The absence of KBr during the adsorption of polyelectrolyte has a dramatic effect on the interaction forces. Both the shape and range of the force curves are affected by the presence of electrolyte during the adsorption as shown in Fig. 5 where the force curves for AM-MAPTAC-1 adsorbed in the presence and absence of electrolyte are included. The forces measured without added KBr are of slightly less range than those measured in 0.1 mM KBr solution. Further, the slope of the force curve is much steeper without addition of KBr, and the two force curves intersect at a separation of 50 nm.
In order to further explore the effect of the background electrolyte it is relevant to consider the interactions after first adsorbing the polyelectrolyte in the presence of KBr and then replacing the solution (AM-MAPTAC-1 ϩ 0.1 mM KBr) with pure water. The corresponding force curve is for this reason included in Fig. 5 . It is clear that dilution and removal of the KBr affect the short-range forces significantly. They are much stronger than those in the 0.1 mM KBr solution and are very similar to those obtained when the adsorption was carried out from an electrolyte-free solution. On the other hand, the longrange forces are not much affected by dilution and they remain close to those observed during the polyelectrolyte adsorption in presence of 0.1 mM KBr.
After polyelectrolyte incubation in the absence of KBr and rinsing the chamber with water, the interaction forces between the pre-adsorbed AM-MAPTAC-1 across water were measured at different locations of the surfaces. The measured forcedistance profiles are illustrated in Fig. 6 together with the profiles obtained before dilution. These measurements show that upon dilution a small reduction in the interaction forces takes place although the shape of the force-distance profiles is essentially the same. These observations may be explained by some desorption occurring upon dilution in the electrolyte-free system. Additional force runs were performed after reinjection of AM-MAPTAC-1 solution (up to the initial concentration of 50 g/mL). In this case the force curves obtained after 6 h appear to be very similar to those obtained before re-injection of polyelectrolyte. Hence, it appears that the change in adsorbed layer structure occurring upon rinsing is irreversible and no further adsorption takes place when the polyelectrolyte is introduced again. Figure 7 shows the adsorbed amount, as determined by XPS, after immersing mica sheets precoated with AM-MAPTAC-1 (adsorbed from 50 g/mL polyelectrolyte solutions in 0.1 mM KBr) in NaCl solutions of various concentrations. It is evident that desorption takes place when the ionic strength is increased. The polyelectrolyte desorption starts at a rather low salt concentration (ca. 0.1 mM NaCl) and nearly all polyelectrolyte is desorbed in 1 M NaCl solution due to the screening of the electrostatic interactions between the polyelectrolyte and the mica surface.
Polyelectrolyte Desorption by Increasing Ionic Strength
Surface force measurements between preadsorbed polyelectrolyte layers across various NaCl solutions were also performed. After adsorption of polyelectrolyte on mica in aqueous 0.1 mM KBr solution, the solution was replaced by pure water and then NaCl was added to obtain different electrolyte con-
FIG. 6.
Normalized force-distance profiles between two mica surfaces immersed in KBr-free AM-MAPTAC-1 solution of 50 g/mL bulk concentration (filled symbols). The force-distance profiles after replacing the polyelectrolyte solution with pure water (open symbols) and after subsequent reinjection of polyelectrolyte to a concentration of 50 g/mL (gray symbols) are also included. Note: several force-distance profiles at different positions on the surface are shown.
FIG. 5.
Normalized force-distance profiles between two mica surfaces immersed in aqueous 50 g/mL AM-MAPTAC-1 solution in the presence of 0.1 mM KBr (F) and in absence of electrolyte (E). For comparison, the force profile (ϩ) measured after adsorbing the polyelectrolyte in the presence of KBr and then replacing the solution (AM-MAPTAC-1 ϩ 0.1 mM KBr) with pure water is included.
centrations. As discussed before, dilution with water has dramatic effects on the interaction forces. Similarly, the addition of salt produces noticeable changes in the range of the interaction forces (Fig. 8) . The repulsive forces increase as the NaCl concentration is increased from 10 to 500 mM. Intermediate salt concentrations resulted in force-distance profiles which were in between those shown in Fig. 8 . In all cases it is clear that the longer range of the interactions at higher ionic strengths is due to the presence of longer polymer tails protruding out into the solution. For instance, at a concentration of 500 mM NaCl, ␦ s is about 70 nm per adsorbed layer.
Complementary ellipsometric measurements were carried out by first adsorbing the polyelectrolyte from a solution containing 50 g/mL of polyelectrolyte and 0.1 mM KBr on silica surfaces during approximately two hours. After this time pure water was injected so as to progressively (and completely) replace the bulk solution. The adsorbed layer was monitored continuously for about two additional hours. After this time 0.1 M NaCl solution was injected into the cuvette. The calculated adsorbed amount which changes with time is shown in Fig. 9 . Figures 10 and 11 illustrate the average ellipsometric layer thickness and the average refractive index of the adsorbed layer, respectively. It is observed that upon replacement of the
FIG. 7.
Desorption isotherm for AM-MAPTAC-1 preadsorbed on mica upon immersion in NaCl aqueous solution of different ionic strengths studied by XPS. AM-MAPTAC-1 (50 g/mL solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution, and then the mica was immersed in the respective electrolyte solution.
FIG. 8.
Normalized force-distance profiles between polyelectrolytecoated mica surfaces across NaCl solution of different ionic strengths. AM-MAPTAC-1 (50 g/mL solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution. After equilibration, the bulk solution was replaced with pure water and subsequently NaCl solution was injected in the chamber up to the respective concentration: 0 M NaCl (s); 10 mM NaCl (E) and 500 mM NaCl (F). An additional force-distance profile after the replacement of the 500 mM NaCl electrolyte solution with pure water was measured at the end of the experiment (ᮀ).
FIG. 9.
Effect of electrolyte on the adsorbed amount of AM-MAPTAC-1 on silica studied by ellipsometry. AM-MAPTAC-1 (50 g/mL solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution. After equilibration, the bulk solution was replaced with pure water, and subsequently NaCl solution was injected in the chamber up to a concentration of 100 mM NaCl in the cuvette.
FIG. 10.
Effect of electrolyte on the mean thickness of a layer of AM-MAPTAC-1 adsorbed on silica studied by ellipsometry. AM-MAPTAC-1 (50 g/mL solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution. After equilibration, the bulk solution was replaced with pure water, and subsequently NaCl solution was injected in the chamber up to a concentration of 100 mM NaCl in the cuvette.
polyelectrolyte solution with pure water a small (but reproducible) transient reduction in the apparent adsorbed amount (manifested as a "dip" in the adsorption curve) takes place.
Addition of electrolyte produces an extensive reduction of the polyelectrolyte adsorbed amount. XPS provides confirmation of this phenomenon on mica surfaces, although for the same salt concentration a higher desorption was observed, probably due to the effect of high hydrodynamic shear forces present when withdrawing the XPS samples from the aqueous solution. It was convincingly demonstrated by ellipsometry that addition of salt leads to an increase in adsorbed layer thickness (almost twice the thickness) as the polyelectrolyte was partly desorbed as a result of the increased ionic strength. The same phenomenon was also observed in SFA experiments as an increase in the range of the steric forces with increasing electrolyte concentration. It thus appears that an increase in the electrolyte concentration produces a swelling of the adsorbed layer and a more loose (less dense and probably less tightly bound) structure attached to the surface as confirmed by the reduction of the mean refractive index of the adsorbed layer (Fig. 11) .
DISCUSSION
Polyelectrolyte Adsorption on Mica and Silica
The polyelectrolyte adsorbs to nearly the same extent on mica and silica (Figs. 2 and 3 ). This is so despite differences not only in the surface charge density but also in the nature of the surfaces. In the case of mica the surface charge is due to isomorphous substitution of silicon for aluminum which gives a lattice charge ( 0 ) . This surface charge in aqueous solutions is mostly neutralized by adsorbed cations (mainly protons) in the Stern layer (40, 51) , while ions in the diffuse layer only compensate a small fraction of the total lattice charge. Indeed, force measurements in monovalent electrolyte solutions at the same ionic strength (0.1 mM) as that employed in this study (40, 51) show that the charge in the diffuse layer ( d ) is typically only 0.009 C/m 2 . Hence, the electroneutrality condition requires that the charge in the Stern layer ( s ) is 0.331 C/m 2 . Adsorbing polyelectrolytes bring positive charges close to the surface which affects the number of small ions adsorbed through an ion exchange mechanism. The amount of small ions present in the layer can be calculated through a simple charge balance, as also suggested by Norde and Lyklema (52, 53) . The adsorbed polyelectrolyte contributes a charge ( p ) to the adsorbed layer which can be calculated from the average charge per molecule (Z p ) and the number of adsorbed polyelectrolyte molecules per unit area (⌫) as determined, for example, by XPS [2] :
where e is the elementary charge, N A is Avogadro's number, and M w is the polyelectrolyte molecular weight. On the basis of XPS measurements p (at the plateau concentration) is calculated to be 0.033 C/m 2 (equivalent to a number density of 2.07 ϫ 10 17 charges per m 2 ). The charge contribution from small ions in the compact layer ( s ) can thus be easily calculated from the requirement of charge neutralization [3] :
i.e., s ϭ 0.298 C/m 2 . Clearly, the adsorption of positively charged AM-MAPTAC-1 on mica is accompanied by a desorption of small positively charged ions. It is also clear that the charges of the adsorbed polyelectrolyte alone can not neutralize the mica lattice charge since it can be easily calculated that 25.3 mg/m 2 of AM-MAPTAC-1 is required to attain charge neutralization whereas only ca. 2.5 mg/m 2 is actually adsorbed, i.e., only 10% of the small cations initially adsorbed are exchanged. In contrast, Dahlgren et al. (54) found that upon addition of a 100% charged polyelectrolyte the mica lattice charge was fully compensated (complete ion exchange) by the charges on the polyelectrolyte. We are currently investigating to what extent the surface lattice charge of mica is neutralized by adsorbing polyelectrolytes of intermediate charge densities.
In the case of silica the surface charge is due to ionization of monofunctional silanol groups (SOH), specific adsorption of electrolyte ions and polyelectrolyte adsorption as determined by electrochemical equilibrium at the interface (37) :   FIG. 11 . Effect of electrolyte on the mean refractive index of a layer of AM-MAPTAC-1 adsorbed on silica studied by ellipsometry. AM-MAPTAC-1 (50 g/mL solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution. After equilibration, the bulk solution was replaced with pure water, and subsequently NaCl solution was injected in the chamber up to a concentration of 100 mM NaCl in the cuvette.
where K ϩ and P ϩ represent the small monovalent cation and the polycation, respectively. These reactions are coupled, and the charge balance is adjusted according to a charge-regulating mechanism which makes the quantification more difficult. However, it can be anticipated that, similar to the case for mica, charge neutralization is unlikely to be achieved by the adsorption of low-charge-density polyelectrolyte alone.
The fact that the plateau value of the adsorption of AM-MAPTAC-1 is comparable on silica, mica and other mineral surfaces (35) with much lower surface charge densities suggests that the adsorption of this low-charge-density polyelectrolyte is limited by steric constraints rather than by the surface charge or potential of the solid itself. Among the factors that limit the amount of polyelectrolyte which is able to adsorb one can include the unfavorable lateral interaction (excluded volume effect) between polyelectrolyte molecules within the layer, the entropy of mixing in the layer, and the fact that not all charges on the polyelectrolyte, due to the conformation of the macromolecule, are able to approach the surface as closely as small ions. It is believed, however, that the excluded volume effect is the limiting factor determining the adsorbed amount in the present study.
The effect of the adsorption behavior discussed above is reflected in the force-distance profiles for mica surfaces coated with AM-MAPTAC-1 (Fig. 4) . The force curves reveal the steric nature of the measured interactions. The layer thickness and surface force range determined in this study, as compared with investigations reported for similar polyelectrolytes with higher charge densities, indicate a more extended configuration. This is simply explained by the fact that only the cationic groups of the polymer can be adsorbed (31) , and therefore trains are very unlikely to occur for low values of . Hence, it is not surprising that the interaction forces in this case start at large separation as a result of a configuration of the polyelectrolyte where loops and tails extend out from the surface. Most charged segments are probably close to the mica surface, and therefore the charged segments anchor the polyelectrolyte to the surface while the loops and tails are predominantly uncharged (for entropic reasons they may contain some charges but they must be significantly less than 1% of the segments).
Our experimental force curves are in qualitatively agreement with the theory of Alexander (55) , which was later extended by de Gennes (56), for polymer chains attached by a single anchoring end group to a surface. The net interaction free energy as two polymer-coated surfaces approach each other is considered to be the sum of an elastic contribution (which opposes polymer coil stretching and so acts to decrease D) and an osmotic (repulsive) contribution (which favors polymer coil stretching and so acts to increase D). In this theory a simple relationship is proposed with two fitting parameters, namely, the average distance between the attachment points for terminally attached polymers and the layer thickness for the adsorbed polymer. In the case of an adsorbed AM-MAPTAC-1 layer on mica from 50 g/mL concentration in aqueous 0.1 mM KBr solution the fitted parameters are 24 and 52 nm, respectively. The adsorbed polymer thus can be pictured as a phase where trains (charged segments in the present case) "anchors" loops and dangling tails which extend a long way into solution (57, 58) .
Assuming a molecular structure with regular distribution of charged segments in the polyelectrolyte chain and taking into account the molecular weight and charge density, the polyelectrolyte can be represented as (AM 101 MAPTAC) 122 . Considering the adsorbed amount as determined by XPS and that each polymer contributes with two tails, it is calculated that the tail density is 3.34 ϫ 10 15 tails/m 2 and the tail extension is ca. 101 AM units, i.e., 46 nm (assuming a segment length of 0.45 nm unit size (37)). A maximum loop density (assuming that all charged segments adsorb on the mica surface) can be calculated to be 2.02 ϫ 10 17 loops/m 2 with an average size of 101 AM units extending out ca. 23 nm (about 50 molecules of AM). It is therefore hypothesized that the tail fraction dominates the long-range region of the force-distance profile since the steric layer thickness (␦ s ) was measured to be ca. 50 nm per adsorbed layer (see Fig. 4 ) which is very close to the calculated 46 nm or the fitted value from the theory of Alexander and de Gennes, 52 nm. The average distance between tails can be calculated to be approximately 17 nm which is close to the fitted value (from the theory of Alexander and de Gennes) of 24 nm. Although the assumptions made here may be an oversimplification, the presented results validate the proposed picture of the polyelectrolyte conformation.
Effect of Polyelectrolyte Charge Density on Adsorbed Layer and Interaction Forces
The forces acting between mica surfaces coated with cationic acrylamides of various charge densities have been investigated in a series of papers (18, 19, 21, 22, 24, 25, 28, 54, 59) . In low ionic strength solutions (around 0.1 mM) the adsorption of the polyelectrolyte (together with that of small ions) leads to an almost uncharged surface. Force curves obtained for poly-(MAPTAC) ( ϭ 100%) (19) and the structurally similar PCMA (54) have been shown to be insensitive to the molecular weight of the polyelectrolyte as a consequence of the high polyelectrolyte-surface affinity which results in a very thin adsorbed layer (in agreement with theoretical models (9)). The long-range force is dominated by a strong bridging attraction below about 15 nm. The force curves for mica surfaces coated with a polyelectrolyte having ϭ 30% are in several respects similar to the ones observed for the 100% charged case, i.e., no long-range repulsion, bridging attraction at distances below 10 -15 nm, and no further compression of the adsorbed layer under high loads.
As the cationicity of the adsorbed polyelectrolyte is reduced (28), the adsorbed layer thickness, the range of steric/bridging forces and the layer compressibility increase. In addition, the magnitude of the normalized pull-off force is reduced. These trends are also predicted from Monte Carlo simulations (19) . The data reported in this investigation also follow these general trends. The layer thickness is larger than that for the more highly charged cationic polyelectrolytes, and therefore no bridging attraction is present as a consequence of the low probability of having charged segments close to both surfaces. Furthermore, as pointed out previously, the long-range steric force is the dominating feature in our force curves.
The comparison of ellipsometric and "surface-force" thicknesses is not straight forward, not only because we are dealing with two different substrates, but because the layer thickness is often a poorly defined parameter since the densities of different segments vary strongly within the layer, and therefore different methods have different sensitivities (15) . Nevertheless, it is still interesting to note the good agreement between the employed methods. The SFA compressed layer thickness (5-7 nm), as expected, is smaller as compared with the ellipsometric thickness (10 nm) due to the compression of the adsorbed layer at high loads during the SFA measurement. On the other hand, the range of the steric force, as expected, is considerably larger than twice the measured ellipsometric thickness.
Effect of Electrolyte on Adsorbed Layer and Interaction Forces
From Figs. 5 and 6 it is clear that the presence of a small amount of KBr in the aqueous solution has a dramatic effect on the structure of the adsorbed layer. This is not fully understood, but it is likely that bromide ions are incorporated in the adsorbed layer as counterions to the polyelectrolyte, thereby promoting a more compact structure of the inner region. This, however, cannot explain why the polyelectrolyte tails are more extended in 0.1 mM KBr than in pure water.
That the effect is due to incorporation of small ions in the adsorbed layer is supported by the observation that the force curve for the adsorption of AM-MAPTAC-1 from electrolytefree solution resembles the one obtained when first adsorbing the polyelectrolyte in the presence of KBr and then replacing the solution (AM-MAPTAC-1 in aqueous 0.1 mM KBr) with pure water (see Fig. 5 ).
The magnitude of the repulsive force between polyelectrolyte-coated mica surfaces was shown to be reduced after replacing the polyelectrolyte solution (KBr-free) with pure water (Fig. 6) . A similar trend was observed in a study of the adsorption behavior of poly-L-lysine (30) , but in contrast with our results, it was observed that when the poly-L-lysine solution was injected back into the surface force apparatus the force profile was intermediate between the profiles obtained before and after rinsing. This fact reveals that the changes in the adsorbed layer structure which occur upon dilution are to some extent irreversible with respect to the operations described above or rather are a consequence of the steep (high affinity) adsorption isotherm as discussed by Cohen Stuart and Fleer (60) .
The changes which occur upon dilution of the system are more evident in SFA than ellipsometric measurements. The reason is the higher sensitivity of the SFA to the tail fraction extending out in the solution. It is thus suggested that dilution with water produces dramatic effects on the outer adsorbed layer (which somehow is the cause for the transient reduction in the apparent adsorbed amount observed in ellipsometry after injection of water).
The remaining experiments dealt with the effect a posteriori of the ionic strength on a preadsorbed layer of polyelectrolyte rather than the effect of the ionic strength during the incubation of the polyelectrolyte while adsorbing on the surfaces. This latter case is the most commonly explored while the only reference available to us for the former situation in a similar system is that of Dahlgren et al. (19) . In their study with poly(MAPTAC) ( ϭ 100%) they found that when the polyelectrolyte solution was replaced with polyelectrolyte-free solution the resulting forces measured between the preadsorbed layers (adsorbed from a 0.1 mM KBr solution) in 0.01 and 0.1 M KBr were weaker and the adhesion force was larger than those observed when the polyelectrolyte was present in the solutions. These investigators interpreted these facts as evidence for some polyelectrolyte desorption.
XPS and ellipsometric measurements (Figs. 7 and 9) show that desorption of preadsorbed AM-MAPTAC-1 occurs upon increasing the ionic strength of the medium. However, in contrast to the findings of Dahlgren et al. (19) , our force curves (Fig. 8) show an increase in the range of the repulsive (steric) forces or a displacement further out of the force profiles (in agreement with the ellipsometric thickness measurements shown in Fig. 10 ) for an increase in NaCl concentration.
Theoretical justification for the observed phenomenon can be found in the extension of the self-consistent field theory for adsorption of uncharged homopolymers by Böhmer et al. (9) who predicted a reduction in the adsorbed amount and the formation of larger loops and tails upon increase of the ionic strength in cases where strong surface-polyelectrolyte segment (electrostatic) interactions are predominant and completely overrule the effects due to changes in conformational entropy. Furthermore, the presented results are also in agreement with a theoretical model for the adsorption of weakly charged polyelectrolytes on oppositely charged surfaces by Linse (11) and a corresponding ellipsiometric study by Shubin and Linse (29) performed on a similar system to the one employed herein.
The distinct effect of ionic strength on the adsorbed amount, as presented before, is explained by the balance of four factors that accompany the screening of electrostatic forces by addition of salts: (i) decrease of surface-polyelectrolyte attraction, (ii) increase of competition between the polyelectrolyte and the monovalent cations for adsorption at surface sites (2), (iii) decrease in free energy cost in creating a charged interface, and (iv) decrease in intra-and interchain repulsion. Factor (iv) facilitates an increased adsorption (screening-enhanced adsorption) as observed in some systems (21) , whereas factors (i) and (ii) promote a reduced adsorption. Related situations have theoretically been considered by Hesselink (2), Wiegel (61) , and Muthukumar (62) . A simple rule is that ⌫ is reduced by electrolyte screening whenever the distance between charges on the surface is sufficiently smaller than that along the polyelectrolyte chain or, in other words, the ratio of the surface charge to the polyelectrolyte cationicity is sufficiently large (10) .
The observed polyelectrolyte desorption with an ionic strength increase in the system studied herein is therefore explained since the conditions that favor a (screening) reduced adsorption are satisfied. Furthermore, since nonelectrostatic interactions between the polyelectrolyte and the surface are negligible (63, 64) , there is no incentive to adopt a flat configuration, and an extended conformation is favored.
As the adsorbed layer thickness (␦) usually increases with an increase in ⌫, a decrease in ␦ due to polyelectrolyte desorption at higher ionic strengths would perhaps be expected if not all factors were considered. However, since small cations compete with charged segments of the polyelectrolyte for adsorption on the surface, the macromolecules are attached by a decreasing number of segments when the ionic strength is increased, and therefore the behavior is akin to that of an adsorbed polyelectrolyte with low cationicity in pure water (see Fig. 5 ), that is, ␦ increases. This phenomenon is accompanied by the development of more extended loops and tails and the incorporation of water (swelling) in the adsorbed layer which explains why the range of interaction force increases with the ionic strength.
CONCLUSIONS
XPS, ellipsometry and surface force techniques show that the electrostatically driven adsorption of polyelectrolytes of low cationicity on oppositely charged surfaces is limited by steric constraints. The polyelectrolyte adsorbs on the solid surface with an extended conformation dominated by loops and tails which give rise to long-range steric forces between adsorbed layers. Furthermore, the tail fraction of the adsorbed polyelectrolyte appears to dominate the force profile at large distances.
The configuration of the polyelectrolyte in the adsorbed layer is dramatically affected by the presence of electrolytes in the aqueous solution. An increase in ionic strength notably modifies the adsorbed amount, force-distance profile, average thickness, and refractive index of the adsorbed layer. The phenomena which occur upon increasing the ionic strength are consistent with the screening of the electrostatic attraction between polyelectrolyte segments and solid surface which promotes the displacement of the adsorbed macromolecules as a whole as well as some charged segments of adsorbed polyelectrolyte. Polyelectrolyte desorption is thus accompanied by both an increase in the layer thickness and the range of the steric force and by the incorporation of water in the adsorbed layer present after partial desorption. Finally, XPS, surface force and ellipsometry techniques when used together reveal important information which complement each other to provide a better understanding of polyelectrolyte adsorption at solid-liquid interfaces.
